Abstract. The aim of the study was to investigate the effects of substance P (SP) in hyperoxia-induced lung injury in newborn rats and to elucidate its protective mechanism of action via the sonic hedgehog (SHH) signaling pathway. Twelve-hour-old neonatal Sprague-Dawley rats were randomly divided into one of four groups: air, hyperoxia, air + SP and hyperoxia + SP. In a separate set of experiments, the neonatal rat pups were exposed to 21 or 95% O 2 for 14 days with or without intraperitoneal administration of rat SP. The animals were sacrificed at 3, 7 and 14 days, respectively, of hyperoxia exposure. Lung pathology and grade of lung tissue injury were examined by light microscopy. Oxidative stress was evaluated by malondialdehyde (MDA) and antioxidant activity was measured by superoxide dismutase (SOD) in tissue homogenates. The expression of SHH mRNA and protein were detected by quantitative polymerase chain reaction (qPCR) and western blot analysis, respectively. In the hyperoxia group, marked characteristics of acute lung injury (ALI) were observed. Compared with the simple hyperoxia treatment, the lung damage was significantly ameliorated following the addition of SP. Furthermore, the levels of MDA were decreased and SOD was significantly increased following the addition of SP. SP stimulation may result in activation of the SHH signaling pathway and the expression of SHH markedly increased following treatment with SP. The present study demonstrated that SP protected against the hyperoxia-induced lung damage by attenuating oxidative stress, elevating the antioxidant activities and upregulating the signaling pathway of SHH.
Introduction
Hyperoxia exposure is a common therapeutic strategy for patients with severe pulmonary diseases. However, prolonged exposure to high concentrations of oxygen often causes acute and chronic lung injury due to oxygen toxicity. Clinical studies (1) have shown that hyperoxia exposure is a significant risk factor for acute lung injury (ALI) and bronchopulmonary dysplasia (BPD). Oxygen toxicity is hypothesized to be mediated by the production and accumulation of excessive reactive oxygen species (ROS), at levels exceeding the capacity of the lung antioxidant defense mechanisms (2) , leading to cell damage and death. Therefore, inhibiting the oxygen toxicity or improving the survival of epithelial cells may be a method of preventing hyperoxia lung injury.
Hyperoxia exposure also stimulates C fibers and C fiber activation induces the release of neuropeptide substance P (SP) (3) . SP binds primarily to NK-1 receptors (NK-1R) (4) and plays a role in regulating airway blood flow, airway smooth muscle responses, airway inflammation and epithelial migration and cell proliferation, including tracheal epithelial cells, following injury (5, 6) . A previous in vitro study showed that SP may attenuate hyperoxia-induced oxidative stress injury, promote type II alveolar epithelial cell (AECII) proliferation and inhibit apoptosis (7). However, whether SP is involved in or has a positive effect in hyperoxia lung injury in vivo has not been reported. The signaling mechanism underlying the protective effect of SP against hyperoxia is poorly understood.
Previous studies demonstrated that sonic hedgehog (SHH) plays a critical role in lung morphogenesis and lung organogenesis (8, 9) . SHH regulates cell proliferation, differentiation and migration in vitro and in vivo (10) (11) (12) . Therefore, the SHH signal transduction pathways are hypothesized to play a role in the regulatory mechanism of SP in hyperoxia-induced neonatal lung injury. The aim of the current study was to investigate the effect of SP on neonatal rat exposure to hyperoxia and to demonstrate the related regulatory mechanism of SP.
Materials and methods
Experimental animals. Timed-pregnant specific-pathogen-free Sprague-Dawley rats were obtained from the Experimental Animal Center of Chongqing Medical University (Chongqing, China). The experiments were conducted in accordance with the National Guidelines for the Care and Use of Laboratory Animals. The experiment was approved by the Ethics Committee of Chongqing Medical University.
Materials. SP was provided by Abcam (Cambridge, MA, USA). Malondialdehyde (MDA), superoxide dismutase (SOD) assay and DAB kits were provided by Kaiji Biological Company (Nanjing, China). SHH polyclonal antibody was purchased from Abbiotec (San Diego, CA, USA). RT and PCR kits and SYBR-Green Ⅰ were provided by Shanghai ShineGene Molecular Biotechnology Co., Ltd. (Shanghai, China).
Establishment of animal oxidative model. The rats were housed in individual cages with free access to water and laboratory chow and the rat pups were delivered spontaneously. Neonatal rats were nested on softwood shavings and distributed to litters of ten of equal body weight in Plexiglas chambers. The chambers were equipped with a flow through system for controlling the delivery of medical oxygen or room air.
Twelve-hour-old neonatal rats were randomly divided into one of four groups: air, hyperoxia, air + SP and hyperoxia + SP. Rats from the air and air + SP groups were exposed to air and maintained O 2 levels >21%, while the rats in hyperoxia and hyperoxia + SP groups were placed in a sealed Plexiglas chamber with a minimal in-and-outflow, providing 4-5 exchanges/h of chamber volume and maintaining O 2 levels >95% simultaneously. Exposure to hyperoxia was continuous, with brief interruptions only for animal care (30 min/day). The concentration of oxygen was maintained by the use of an oxygen controller. The rats in the air + SP group and hyperoxia + SP group received intraperitoneal injections of rat SP (5 µg/kg, qod). The rats in the air and air + SP groups received intraperitoneal injections of saline vehicle alone at the same time point.
Tissue preparation. The rat pups were sacrificed at days 3, 7 and 14 of hyperoxia exposure, and ~5 animals at different times in each group were used in the study. Under deep pentobarbital anesthesia (50 mg/kg, intraperitoneal injection), a midline incision was made through the sternum and abdomen, then the whole-lung tissue was obtained.
Histopathology. Following sacrifice, the left lungs were excised and fixed by overnight immersion in 4% paraformaldehyde in phosphate-buffered saline at 4˚C. The specimens were dehydrated in a graded ethanol series. Tissues were embedded in paraffin, sectioned and stained with hematoxylin and eosin (H&E).
Oxidation and antioxidation assay. To determine the damage caused by oxygen, the activities of MDA and endogenous antioxidant enzymes SOD were measured according to the manufacturer's instructions.
Quantitative polymerase chain reaction (qPCR)
. qPCR was performed using the SYBR-Green real-time PCR method. Total RNA was extracted from lung tissue. qRT-PCR was performed on an FTC2000 PCR instrument (Funglyn Biotech Inc., Toronto, ON, Canada) using the two-stage program parameters provided by the manufacturer, as follows: 4 min at 94˚C, 35 cycles of 20 sec at 94˚C and 30 sec at 60˚C and 30 sec at 70˚C. Specificity of the produced amplification product was confirmed by the examination of dissociation reaction plots. A distinct single peak indicated that a single DNA sequence was amplified during PCR. PCR products were run on 2% agarose gels to confirm that the correct molecular sizes were presented. Each sample was tested in triplicate and samples obtained from three independent experiments were used for the analysis of relative gene expression using the 2 -ΔΔCt method. The primers used for qPCR were: glyceraldehyde-3-phosphate dehydrogenase (GAPDH): Amp forward, 5'-CCCATCTATGA GGGTTACGC-3' and reverse, 5'-TTTAATGTCACGCACGA TTTC-3'; and for SHH: Amp forward, 5'-TCGTGCTACGC AGTCATCG-3' and reverse, 5'-CGCTTCCGCTACAGAT TGC-3'.
Western blot analysis. Total tissue proteins were calculated using the BCA protein assay and proteins (50 µg) from each sample were loaded onto 10% SDS-polyacrylamide gels and electrophoretically transferred to polyvinylidene fluoride membranes. The membranes were blocked in 0.05% Tween-20/5% non-fat dried milk in TBST for 1 h, rinsed and incubated with the appropriate primary antibodies overnight at 4˚C. After washing in TBST, the membranes were incubated with secondary antibody for 1.5 h at room temperature, followed by three washes in TBS. The immunoreactive proteins were visualized with peroxidase and an enhanced chemiluminescence system (ECL kit; Pierce Biotechnology, Rockford, IL, USA).
Statistical analysis. The data are expressed as means ± SEM. The statistical significance of the differences between the means of the groups was determined by one-way ANOVA or two-tailed Student's t-tests. P<0.05 was considered to indicate a statistically significant difference.
Results
Lung histopathology. Results of H&E staining showed that, compared with the air group, the epithelial injury, inflammatory cell infiltrate, increased alveolar thickness and entrapped red blood cells, characteristic of hyperoxic injury, were present in the hyperoxia group at day 3 of hyperoxia exposure. The degree of these histopathological changes in the lung became more serious at 7 and 14 days. The lung pathological images in the hyperoxia + SP groups were improved significantly relative to the simple hyperoxia exposure. Improvement in pathological images had no significant difference between the air + SP and air groups. Representative photomicrographs showing differences in each experimental group are shown in Fig. 1 .
MAD and SOD activity.
To test the hypothesis that treatment of SP reduced systemic oxygen toxicity, the levels of MDA and SOD, indicators of oxidative stress damage and potent antioxidant properties, respectively, were measured. The results showed that the activities of MDA were significantly increased at 3, 7 and 14 days following hyperoxia exposure. SP may markedly inhibit the increase of MDA (Fig. 2A) . The level of SOD were significantly increased at 3 days following hyperoxia exposure, but decreased at 14 days compared with the air group. Moreover, the levels of SOD were increased markedly at 3, 7 and 14 days following administration of rat SP (Fig. 2B). mRNA expression of SHH. Hyperoxia stimulation rapidly induced the mRNA expression of SHH in lung tissue. Compared with air exposure, the mRNA expression level of SHH was increased at 3, 7 and 14 days following hyperoxia exposure (Fig. 3) . SHH mRNA was expressed best at 14 days following hyperoxia exposure. Moreover, the mRNA expression level of SHH was further increased following additional SP treatment.
Protein expression of SHH. Compared with air exposure, hyperoxia stimulation rapidly induced the expression of SHH in lung tissue at 3, 7 and 14 days following the hyperoxia exposure. Furthermore, the protein expression of SHH was significantly increased following injection of SP, in a time-dependent manner. These data, in conjunction with the mRNA results, indicate that SP was involved in upregulating the SHH pathway in hyperoxia-induced lung injury (Fig. 4) .
Discussion
Prolonged hyperoxia exposure is likely to cause direct oxidative damage through increased production of ROS. ROS may cause lipid peroxidation, oxidation of proteins and DNA damage, which induces cellular dysfunction and even cell death (13), resulting in hyperoxia lung injury (14) . Hyperoxia lung injury is characterized by airway epithelial damage resulting from exposure to reactive oxygen products that overwhelm the lung's endogenous supply of antioxidants. A previous study suggested that hyperoxia may induce oxidative stress injury in a time-dependent manner in vitro (7) . The present study has demonstrated that neonatal rats exposed to 95% oxygen may cause epithelial injury and inflammatory cell infiltration, characteristic of hyperoxia injury. Oxidative stress was shown to be elevated following hyperoxic exposure. Treatment with SP decreased MDA activities and increased SOD activities. In addition, in the present study, the pathological changes in lung tissue in hyperoxia + SP groups were improved significantly relative to the simple hyperoxia exposure, indicating that SP exerts antioxidant and protective effects in hyperoxia-induced lung injury.
SP is a low-molecular weight (~1 kDa) peptide, distributed widely in the airway endothelial cell layer, pulmonary vessels, the trachea, bronchus smooth muscle, bronchus ganglion and surrounding glands. Following release, SP binds primarily to NK-1R (4) and it was observed that SP triggers an exuberant neuroinflammatory response, regulates proliferation, migration and differentiation of the impaired cells (15, 16) . Dib et al (17) observed that sensory neurotransmitters exhibited significant protection for NK-1R-mediated functions in acute hyperoxic lung injury and the study provided positive evidence for NK-1R activation in acute hyperoxia. Oslund et al (18) observed that SP is an important mediator in airway epithelial cell death and subsequent proliferation following ozone exposure. The data suggested that the SP interference may be a protective strategy for hyperoxia-induced lung injury.
In addition to causing oxygen toxicity, previous studies have demonstrated that hyperoxia played a role in regulating SHH signal transduction pathways, including SHH, Patched 1 (PTCH1), smoothened (Smo) and GLI (19, 20) . SHH signaling protein is important in a number of processes, including embryogenesis, tissue repair, wound healing and lung morphogenesis (21) (22) (23) . In the past few years, a large amount of information has emerged with regard to the mechanism and significance of SHH-PTCH-GLI signaling in lung morphogenesis (24, 25) .
SHH is known to be expressed at low levels in the normal lung and enhanced during the repair of damaged airway epithelium (26), but has not been studied under the normal and hyperoxia conditions in neonatal rats. In the current study, compared with air exposure, the expression level of SHH was markedly increased following hyperoxia exposure at different time points. This pathway was hypothesized to be activated in hyperoxia and may be a compensatory reflection to reduce hyperoxia-induced lung injury.
Whether or not activation of the SHH pathway is required for the protective effect of SP is yet to be determined. To highlight the effect of SP on SHH signal pathways, the mRNA and protein expression levels of SHH were determined. The current study also demonstrates that SHH pathway was activated by exogenous SP. Histopathology and an oxidation assay also 
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supported the hypothesis that supplementary SP effectively improved lung pathological changes accompanied by upregulating the signaling pathway of SHH. This finding indicated that activation of SHH may be involved in the mechanism of SP protection of hyperoxia-induced injury. It is hypothesized that SP interference, a protective management, produces a protective effect on neonatal rats against hyperoxia, which may be associated with attenuation of oxidative stress, elevation antioxidant activities and upregulation of the signaling pathway of SHH.
